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The assembly of the functional replicase complex via protein:protein and RNA:protein interactions among the viral-coded proteins, host factors
and the viral RNA on cellular membranes is a key step in the replication process of plus-stranded RNA viruses. In this work, we have
characterized essential interactions between p33:p33 and p33:p92 replication proteins of Tomato bushy stunt virus (TBSV), a tombusvirus with a
non-segmented, plus-stranded RNA genome. Surface plasmon resonance (SPR) measurements with purified recombinant p33 and p92
demonstrate that p33 interacts with p92 in vitro and that the interaction requires the S1 subdomain, whereas the S2 subdomain plays lesser
function. Kinetic SPR analyses showed that binding of S1 subdomain to the C-terminal half of p33 takes place with moderate binding affinity in
the nanomolar range whereas S2 subdomain binds to p33 with micromolar affinity. Using mutated p33 and p92 proteins, we identified critical
amino acid residues within the p33:p92 interaction domain that play essential role in replication and the assembly of the tombusviral replicase. In
addition, we show that interaction takes place between replication proteins of TBSV and the closely related Cucumber necrosis virus but not
between TBSV and the more distantly related Turnip crinkle virus, suggesting that selective protein interactions might prevent the assembly of
chimeric replicases carrying replication proteins from different viruses during mixed infections.
D 2005 Elsevier Inc. All rights reserved.Keywords: Virus replication; RdRp; Protein–protein interactions; Surface plasmon resonance; Coimmunoprecipitation assay; Yeast hostIntroduction
Plus-stranded RNA viruses of eukaryotes use viral repli-
cases assembled on intracellular membranes to synthesize new
viral RNA progenies. These replicase complexes contain viral
RNA template(s) and viral- and host-coded proteins (Ahlquist
et al., 2003; Buck, 1996; Noueiry and Ahlquist, 2003). Several
studies have been conducted to dissect protein–protein and
protein–RNA interactions that hold the protein and RNA
factors together within the replicase complex. In case of Brome
mosaic virus (BMV), the interaction between the viral-coded
1a and 2a replicase proteins has been demonstrated using
coimmunoprecipitation and yeast two-hybrid assays (Kao et0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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with other 1a proteins, which might be important to bring two
or more 1a proteins into complex with 2a proteins (O’Reilly et
al., 1998; Schwartz et al., 2002). Overall, the 1a and 2a
interactions are essential for BMV replication as confirmed in
replication studies in plant protoplasts using selected BMV
mutants (O’Reilly et al., 1998). Another example is the 126K
protein of Tobacco mosaic virus (TMV), which interacts with
other 126K proteins and with the 186K RNA-dependent RNA
polymerase (RdRp) protein (Goregaoker et al., 2001; Watanabe
et al., 1999). The interaction between 126K and 186K is
essential for TMV replication, based on studies in protoplasts
using temperature-sensitive 126K mutants (Goregaoker and
Culver, 2003). Interaction between various replicase proteins
has also been demonstrated for other plus-stranded RNA
viruses, including poliovirus (Agol et al., 1999; Hope et al.,
1997; Lyle et al., 2002; Racaniello and Ren, 1996), hepatitis C
virus (reviewed by (Tellinghuisen and Rice, 2002), cucumo-6) 270 – 279
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1997).
Tombusviruses are model plus-stranded RNA viruses of
plants, which include Tomato bushy stunt virus (TBSV) and
Cucumber necrosis virus (CNV). The single component
tombusvirus genomic (g)RNA codes for five proteins of which
only two, namely p33 and p92 are essential for viral replication
(Russo et al., 1994; White and Nagy, 2004). Protein p92 is
produced via ribosomal readthrough of the p33 stop codon and
it includes the signature motifs of RdRp in its unique C-
terminal domain (O’Reilly and Kao, 1998). The concentration
of p92 is about 20-fold lower than p33 in infected plant cells
(Scholthof et al., 1995), and ¨10-fold less in yeast cells that
efficiently replicate a model TBSV replicon (Panaviene et al.,
2004). Importantly, both p33 and p92 proteins are present in
highly active replicase preparations purified from yeast co-
expressing CNV p33 and p92 proteins and DI-72 RNA
(Panaviene et al., 2004, 2005), suggesting that they might be
involved in viral RNA synthesis.
The purified tombusvirus replicase has been shown to
synthesize complementary RNA on added plus- or minus-
stranded TBSV RNA templates (Nagy and Pogany, 2000;
Panaviene et al., 2004), demonstrating that it could accurately
recognize terminal promoter sequences (Panavas et al., 2002a,
2002b), replication enhancers (Panavas and Nagy, 2003a,
2005; Panavas et al., 2003) and a replication silencer element
(Pogany et al., 2003) during RNA synthesis. The significance
of these cis-acting RNA elements for tombusvirus replication
has been confirmed using plant protoplasts (Nicotiana
benthamiana and cucumber) (Fabian et al., 2003; Panavas
and Nagy, 2005; Panavas et al., 2003; Pogany et al., 2003; Ray
and White, 1999, 2003) and yeast, a model host (Panavas and
Nagy, 2003b). However, much less is known about the protein
components of the replicase complex and the interactions
between these proteins.
The p33 replication protein is likely part of the active
replicase complex, because it is an essential co-factor in viral
replication (Oster et al., 1998; Panaviene et al., 2003, 2004),
co-purified with the active replicase fractions (Panaviene et al.,
2004, 2005), and co-localized with p92 and the ()-stranded
viral RNA replication intermediates in cells (Panavas et al.,
2005a). Previous studies have established that p33 has four
different domains: (i) the N-terminal hydrophylic region that is
essential for replication, albeit its function is yet unknown
(Panavas et al., 2005a); (ii) the N-proximal hydrophobic
membrane anchoring domain with two predicted trans-mem-
brane helices, which is essential for targeting of p33 to the
peroxisomal membrane surfaces, the sites of viral RNA
replication (Navarro et al., 2004; Panavas et al., 2005a); (iii)
the RNA binding region consisting of an arginine-proline rich
motif (RPR motif, Fig. 1A), (Panaviene and Nagy, 2003;
Panaviene et al., 2003; Rajendran and Nagy, 2003); (iv) the C-
terminal p33:p33/p92 protein interaction domain that contains
two nonoverlapping sites, termed S1 and S2 that can
independently facilitate binding of p33 to p33 and p92
(Rajendran and Nagy, 2004). The significance of p33:p33
and p33:p92 interactions was confirmed in a model tombus-virus replication system in yeast by expressing p33 and p92
proteins carrying site-specific mutations within the region
needed for protein interaction. The mutational studies in S1 and
S2 revealed that tyrosine and arginine at positions 244 and 246
in p33 and p92 sequence are indispensable for viral RNA
replication. However, it is not known whether their presence is
required for p33:p33/p92 interaction and assembly of active
replicase in vivo. This gap in knowledge is addressed in this
present study.
To understand the proposed role of p33:p33 and p33:p92
interactions in the assembly of the tombusvirus replicase
complex, in this paper, we studied the kinetics of protein
interaction and the functional relevance of this interaction in
the replicase assembly process. Surface plasmon resonance
(SPR) analyses with purified recombinant proteins revealed
that the S1 subdomain in p33 is a major contributor to
p33:p33 and p33:p92 interactions in vitro. The S1 subdomain
is also essential for in vivo p33:p92 interactions as demon-
strated by S1 mutants in coimmunoprecipitation assay.
Moreover, there is a good correlation between p33:p92
interaction, replicase assembly and replication levels, suggest-
ing that viral protein interactions are important during
tombusvirus replication. Also, SPR analysis showed good
interaction between TBSV p33 and its closely related CNV
p33 and p92 replication proteins, whereas the more distantly
related p28 and p88 of Turnip crinkle virus (TCV) did not
interact with TBSV p33 in vitro. These data promote the idea
that the assembly of chimeric replicases carrying TBSV and
TCV replication proteins are unlikely to take place in mixed
infections.
Results and discussion
In vivo interaction between full length p33 and p92 replication
proteins
Previous works have demonstrated interactions between p33
and p92 molecules in vitro and between N-terminally truncated
p33 and p92 in yeast two-hybrid assay (Rajendran and Nagy,
2004). To examine interaction between full-length p33 and p92
in vivo, we expressed single (His6) or double tagged (His6 and
FLAG) full-length p33 and p92 proteins in yeast as shown in
Fig. 1B, in the presence of the replicon RNA to obtain
functional replicase complexes (Panaviene et al., 2004).
Immunoprecipitation with anti-FLAG antibodies of His6/
FLAG-p92 resulted in co-purification of His6-p33 (Fig. 1B,
lane 3). The immunoprecipitated complex also showed
replicase activity on added RNA templates in vitro (Fig. 1C,
lane 3). Interestingly, the immunoprecipitated replicase com-
plex contained ¨3-fold more p33 than p92, suggesting that p33
is more abundant than p92 in the replicase complex. Similarly,
immunoprecipitation with anti-FLAG antibodies of His6/
FLAG-p33 resulted in co-purification of His6-p92 (Fig. 1B,
lane 4) that showed replicase activity in vitro (Fig. 1C, lane 4).
This replicase complex, which contained over 10-fold more
p33 than p92, showed the highest replicase activity (Fig. 1C,
lane 4). These data suggest that there is direct correlation
Fig. 1. Co-purification of p33 and p92 in functional tombusvirus replicase complex from yeast. (A) Schematic representation of the defined functional domains in the
replicase proteins of TBSV. Note that p33 fully overlaps with the N-terminus of p92, whereas p92 C-terminal region carries the unique RdRp domain. The actual
amino acid sequences of the arginine-proline-rich (RPR) RNA binding domain and the S1 subdomain of the p33:p33/p92 interaction domain are shown at the
bottom. (B) Co-immunoprecipitation of full-length wt p33 and p92. Total cell lysates from yeast transformed with combinations of pGBK-His33, pGAD-His92,
pGBK-His-Flag33 and pGAD-His-Flag92, as shown, were subjected to immunoprecipitation with anti-FLAG antibodies immobilized resin followed by western
blotting for His6-tag. (C) The replicase activity of the co-immunoprecipitated complex was tested in an in vitro replicase assay in the presence of TBSV DI-72RI/
RIII() as added template RNA. The RdRp products were resolved in 5% denaturing polyacrylamide gel and analyzed by a phosphorimager. Ti (terminally initiated
replicase product) denotes newly synthesized template-sized RNA; PE refers to primer extension on template RNA by the replicase; internal initiation refers to
replicase products generated by the replicase after internal initiation on the added template RNA (Panaviene et al., 2004).
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replicase complex.
To control against non-specific binding of proteins to anti-
FLAG affinity beads, His6-p33 and His6-p92 were used in
the immunoprecipitation assay with anti-FLAG antibodies
(Fig. 1B Lane 2, Fig. 1C Lane 2). The data show the
absence of immunoprecipitation of His6-p33 and His6-p92
proteins, thus, confirming that p33 and p92 were not bound
non-specifically to beads. Overall, these data suggest that
p33 and p92 are part of the same active replicase complexes
in vivo and they are likely held together by interaction
between p33 and p92.Kinetics of interaction between recombinant TBSV p33
replication proteins
We have shown earlier that there are two sites (S1 and S2,
Fig. 1A) in p33 that independently interact with p33 or p92
using biosensor and yeast two-hybrid assays (Panaviene et al.,
2004). Point mutations introduced into S1 had more pro-
nounced effect on replication of TBSV DI-RNA in yeast than
those in S2. To further extend our understanding on contribu-
tion of these two sites in p33 on interactions with p33 and p92,
we carried out SPR analysis with a Biacore biosensor. We
chose the SPR assay because it provides real-time protein–
Fig. 2. Both S1 and S2 subdomains support p33:p33 interaction in vitro. (A) Schematic representation of purified p33 derivatives used for in vitro interaction studies.
See Fig. 1A for further details. (B) Surface plasmon resonance (SPR) analysis of interaction between purified TBSV p33C (aa151–296), fixed onto CM-5 sensor
chip to 8000 RU and purified recombinant p33 derivatives (1 AM each) carrying S1 and/or S2 subdomains, which were separately injected in the running buffer over
the chip. These proteins were expressed as MBP fusion proteins in E. coli. The interaction data shown were subtracted from the data from control surface to account
for bulk effects of running buffer and non-specific binding of proteins to chip surface.
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change in refractive index at the surface of the sensor chip due
to change in mass resulting from protein–protein interaction
between the immobilized protein and the protein that is being
passed over the sensor chip.
To this end, we used the soluble N-terminally-truncated p33,
termed p33C, and its derivatives. We expressed p33C (aa150–
296), p33C/S1 (aa180–250), p33C/S2 (aa251–296) in E. coli
as N-terminal fusion to maltose-binding protein (MBP),
followed by purification using amylose-resin affinity and ion
exchange chromatography procedures. The obtained highly
purified proteins were then tested for their interactions in SPR
assay by passing equal concentration of proteins over a CM-5
chip which had MBP-p33C protein immobilized at high
density (8000 RUs). The experimental data, corrected for
non-specific binding and bulk effects by subtracting signals
from reference flow cell, which had purified MBP immobi-
lized, was plotted as sensogram. The results shown in Fig. 2B
confirm that both p33C/S1 and p33C/S2 interacted indepen-
dently with p33C. However, there is a significant decrease in
the magnitude of signal obtained for S2 compared with S1,
suggesting that there may be a difference in relative contribu-
tion of these two sites to p33 binding.
To test the contribution of S1 and S2 sequences to the
p33:p33/p92 interaction, we performed kinetic measurements
based on the SPR assay (Fig. 3A). For kinetic measurements, a
low density (250 RU) CM-5 chip with MBP-p33C was prepared
as described above and test proteins with concentrations ranging
from 25 to 500 nM were used. The kinetic data were analyzed
and fitted using BIAevaluation software and the parameters are
given in table in Fig. 3B. The resulting kinetic constants revealed
that the interaction between p33C molecules takes place with
moderate association (Kon = 2.11  104 M1 s1) and
dissociation (Koff = 4.74 103 s1) rates and also with
moderate binding affinity of 225 nM, suggesting that the
p33:p33/p92 complex is moderately stable, consistent with its
central role in the replication process. Interestingly, protein
p33C/S1 showed relatively similar binding characteristics (KD =
293 nM) as p33C carrying both S1 and S2 subdomains,
suggesting that the S1 subdomain by itself is a major contributorto the p33:p33 interaction (Figs. 3A–B). In contrast, the binding
constants of p33C/S2 showed about ¨7 fold less on-rate, ¨2
fold more off-rate and ¨10-fold less binding affinity (KD = 2.4
AM) than p33C (Figs. 3A–B). Overall, these kinetics data
suggest that S1 subdomain contributes much more significantly
to the strength of p33:p33 interaction than S2 subdomain does.
These data together with our previous results support that S1 and
S2 subdomains together may form a larger protein–protein
interface in p33 molecule in which the amino acid residues in S1
subdomain play greater role in p33:p33/p92 assembly than the
residues in S2 subdomain.
Role of highly conserved amino acid residues in S1 and S2
subdomains of p33 and p92 on the assembly of functional
replication complexes and viral RNA replication in vivo
To identify the critical amino acid residues within S1 and
S2 subdomains, which could affect p33:p92 interaction, we
introduced a set of mutations into either p33 or p92 proteins.
The mutations were targeted at conserved residues and
included: (i) single amino acid mutations in S1, such as
tyrosine to alanine (Y244A), tyrosine to phenylalanine (Y244F),
argine to alanine (R246A), arginine to lysine (R246K); and (ii)
double amino acid mutations, such as LI242–43SS; and (iii)
single amino acid mutations in S2, like phenylalanine to
alanine (F274A) and tyrosine to alanine (Y276A). The mutated
His6-tagged-p33 and p92 proteins were coimmunoprecipitated
with His6/FLAG-tagged wild type (wt) p92 and p33 proteins,
respectively, as shown in Figs. 4A–B. The coimmunopreci-
pitation experiments demonstrated that substituting hydropho-
bic residues leucine (L242) and isoleucine (I243) to polar
serines (Figs. 4A–B, lane 2), cysteine or threonine (not
shown) in both p33 and p92 strongly inhibited coimmuno-
precipitation of p33 and p92. Similar effect was noticed when
tyrosine (Y244) or arginine (R246) were mutated to alanine
(Figs. 4A–B, lanes 3 and 5). However, when tyrosine (Y244)
was substituted with similar aromatic amino acid residue
(phenylalanine), then coimmunoprecipitation of p33 and p92
was observed (Figs. 4A–B, lane 4). This may suggest that the
bulky aromatic residue at Y244 position is required for
Fig. 3. Kinetic measurements of p33:p33 interaction. (A) p33C was
immobilized on the surface of CM-5 biosensor chip at low density-250
resonance units (RU). Varying (25, 50, 75, 100, 250 and 500 nM)
concentrations of highly purified p33-derived proteins carrying S1 and/or S2
subdomains were run over the chip surface and the resulting data were analyzed
in Biaevaluation 4.1 software with 1:1 binding model. The red line represents
mathematically fitted data and the dark line denotes experimental data. (B)
Kinetic constants from the above analysis, including association (Kon) and
dissociation (Koff) rates and affinity constant (KD) are shown for each protein.
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mutation of positively charged arginine (R246) to lysine did not
affect the p33 and p92 complex formation (Figs. 4A–B, lane
6). Thus, the positive charge of R246 appears to be important at
this position and lysine can be accommodated in place ofarginine without compromising protein function. These results
together emphasize the importance of having aromatic and
positively charged amino acid residues in S1 subdomain at
positions 244 and 246, respectively, in S1 in both p33 and p92
for replicase complex formation. On the contrary, mutations in
S2 subdomain in both p33 and p92, such as F274A and Y276A,
had only moderate effects on p33 and p92 complex formation
(Figs. 4A–B, lanes 7–8).
To test if the above mutations in S1 and S2 also affected the
in vitro activity of tombusvirus replicase, we expressed wt and
mutated His6-tagged p33 and p92 proteins together with DI-72
RNA (Panavas and Nagy, 2003b; Panaviene et al., 2004). The
replicase complex containing wt p33 and mutated p92 or wt
p92 and mutated p33 proteins and endogenous DI-72 RNAwas
purified from enriched yeast membrane preparation using
nickel agarose column (Panaviene et al., 2004) and the purified
complex was tested for their replicase activity in vitro on
endogenous RNA template (Fig. 5 top panel). The presence of
both p33 and p92 in these purified replicase preparation was
confirmed by immunoblotting with anti-His6 antibodies (not
shown). The obtained purified replicase preparations with the
above mutants showed good overall correlation between
p33:p92 interaction and replicase activity in the in vitro assay.
For example, both p33 and p92 mutants, which were deficient
in p33:p92 interaction in coimmunoprecipitation assay (Figs.
4A–B), also resulted in inactive replicase preparations (Figs.
5A–B). Moreover, mutants such as Y244F and R246K, which
had no inhibitory effect on binding between p92 and p33 (Figs.
4A–B, lanes 4 and 6), also had wild type level replicase
activity (Figs. 5A–B, lanes 5 and 7). On the other hand,
mutants F274A and Y276A, which had moderate effects on
binding between p92 and p33, had more detrimental effect on
replicase activity as expected (Figs. 5A–B, lanes 8–9). This
reduced activity for F274A and Y276A mutants in the in vitro
replicase assay might be due to the instability of the replicase
complex (caused by the reduced strength of p33:p92 interac-
tion between the mutated proteins) during the purification
process.
To test the effect of S1 and S2 mutations on TBSV
replication, we used the TBSV replicon-based assay in yeast
(Panavas and Nagy, 2003b). The major advantage of the yeast-
based replication system is that it allows the separate
expression of p33 and p92 proteins from plasmids together
with a TBSV-derived DI RNA replicon (termed DI-72 RNA),
which is expressed from the galactose-inducible GAL1
promoter (Panavas and Nagy, 2003b; Panaviene et al., 2004).
The wt p33 and wt p92 can efficiently support replication of
DI-72 RNA even after the suppression of DI-72 RNA
transcription by glucose (Panavas and Nagy, 2003b).
Total RNA was prepared from yeast expressing wt and/or
mutated p33 and p92 proteins and DI-72 RNA replicon,
followed by analyses with agarose electrophoresis (Fig. 5
bottom panel) and northern blotting with radiolabelled DI-
RNA-specific RNA probe (Fig. 5 middle panel). These
experiments demonstrated that the accumulation of the replicon
RNA with the above mutants in yeast correlated well with
p33:p92 interaction and in vitro replicase activity of purified
Fig. 4. Effect of point mutations in S1 and S2 subdomains of p33 and p92 on their interaction. (A) Co-immunoprecipitation of His6-tagged p92 mutants with wt His/
FLAG-tagged p33 and (B) His6-tagged p33 mutants with wt His6/FLAG-tagged p92. Immunoprecipitation was performed using anti-FLAG M2 resin as described in
Fig. 1B. Western blotting was performed with antiHis6 antibody.
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undetectable level of interaction between p33:p92 supported
the accumulation of the replicon RNA below 1% of the wt p33
and wt p92 (Figs. 5A–B, lanes 2, 3, 4 and 6). Also, mutants
F274A and Y276A within the S2 subdomain supported viral
RNA accumulation at low levels (Figs. 5A–B, lanes 8–9). On
the other hand, mutants Y244F and R246K showed viral
replication at wild type levels (Figs. 5A–B, lanes 5 and 7) asFig. 5. Effect of point mutations in S1 and S2 subdomains of p33 and p92 on replic
proteins (left panel) or wt His6-p33 and mutant His6-p92 proteins (right panel) in co
Top panel: The replicase preparations were tested in an in vitro replicase assay with t
panels: Northern blot and agarose gel analysis of total RNA obtained from yeast (se
two additional major bands (unmarked) represent yeast ribosomal RNAs.was the case in coimmunoprecipitation and in vitro replicase
assays. Overall, these data suggest that the highly conserved
amino acid residues in S1 and to a lesser extent in S2 are
important for p33:p92 interaction, which in turn is critical for
replicase assembly and RNA replication/accumulation in yeast.
Also, the S1 subdomain in p33 and p92 plays similar essential
roles in these proteins by facilitating the formation of multi-
protein complexes (see below).ase activity. Yeast cells co-expressing either wt His6-p92 and mutant His6-p33
mbination with DI-72 replicon RNAwere used to obtain replicase preparations.
he co-purified endogenous DI-72 replicon RNA as template. Middle and bottom
e above). Arrows point at the position of the DI-72 replicon RNA, whereas the
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related CNV, but not with the more distantly related TCV
Co-infection of the same host by related viruses might lead
to the assembly of ‘‘chimeric’’ replicase complexes carrying
replication proteins from different viruses. These chimeric
replicases could potentially affect virus infections and evolu-
tion. To test this idea, we chose the replicase proteins derived
from TBSV, the closely related CNV, a tombusvirus, and the
more distantly related TCV, a carmovirus, which also belongs
to the large Tombusviridae family. Sequence comparison
revealed that the amino acid residues within the p33:p33/p92
interaction domain (including the S1 and S2 subdomains) of
TBSV and CNV replication proteins were identical, whereas
there is little sequence identity between TBSV and TCV
replication proteins within the predicted interaction domain
(not shown). This prompted us to test experimentally if there is
interaction between replicase proteins of these viruses using
SPR analysis. This assay utilized the high density CM-5 chip
prepared with TBSV MBP-p33C as described above and E.
coli expressed and affinity-purified replication proteins of
TBSV p33, p92; CNV p33, p92 and TCV p28 and p88. The
SPR results revealed that CNV p33 and p92 proteins bound to
the TBSV p33C almost as efficiently as the TBSV p33 and p92
did (Figs. 6A–B). In contrast, binding of TCV p28 and p88 to
the TBSV p33C was insignificant (Fig. 6C). These in vitro data
suggest that interaction between the replication proteins, which
is needed for the assembly of the viral replicase, might be a
specificity factor in virus replication that prevents the assembly
of viral replicases with heterologous proteins (such as the
mixture of TCV and TBSV proteins in the replicase complex)
during double infection of cells with TCV and TBSV. On the
other hand, mixed assembly of TBSV and CNV replication
proteins in viral replicase complexes during mixed infections is
highly probable.
Key role of the p33 replication co-factor in replicase assembly
The emerging picture in tombusvirus replication is that p33
plays multiple roles during replication. Thus, in spite of the
overlapping nature of p33 and the N-terminal portion of p92,Fig. 6. TBSV p33C binds specifically to replicase proteins of CNV, a closely
Recombinant replicase proteins from TBSV, CNV (p33 and p92) and TCV (p28 and
using high density (8000 RU) CM-5 chip as described in Fig. 2.the functions of the common domains in these proteins seem
to be different. For example, the RPR RNA-binding domain of
p33 (Fig. 1A) is essential for selective binding to the cognate
viral RNA, which carries a stem–loop structure, termed
RII(+)-SL, including the p33 recognition element (p33RE)
(Pogany et al., 2005). Experimental evidence supports that the
p33:viral RNA interaction is important for selection of viral
RNA templates for replication and RNA recruitment (target-
ing) to the sites of replication (Monkewich et al., 2005;
Panavas et al., 2005a; Pogany et al., 2005). The corresponding
RNA binding domain of p92 is not essential in these processes
(Panavas et al., 2005a), albeit mutations within the RPR
sequences in p92 reduced the activity of the CNV replicase
(Panaviene et al., 2003). Moreover, in contrast to p33, the
membrane-spanning domain (Fig. 1A) is not essential for the
replication and peroxisomal-targeting functions of p92 when
wt p33 and the viral RNA are co-expressed in the same cells
(Panavas et al., 2005a).
The function of the p33:p33/p92 interaction domain in p33
and p92, however, seems to be similar by promoting the
formation of multimolecular complexes (see below). Compa-
rable mutations within the S1 and S2 subdomains of p33:p33/
p92 interaction domain in p33 or p92 had similar effects on
p33:p92 interactions, replicase function and accumulation of
the replicon RNA in cells. Therefore, it seems that the ability to
interact with p33 or p92 is critical for the functions of both p33
and p92 proteins.
Model on the role of p33:p92 interaction during the assembly
of the replicase complex
Previous efforts to understand replicase assembly in
tombusviruses revealed that: (i) the functional TBSV and
CNV replicases consist of p33 and p92 replication proteins of
viral origin (Nagy and Pogany, 2000; Panaviene et al., 2004),
possible host factors (Panavas et al., 2005b) and plus- and
minus-stranded viral RNA templates (replication intermediates)
(Panaviene et al., 2004); (ii) the replicase complex is associated
with peroxisomal membrane based on the intracellular local-
ization of p33 and p92 proteins as well as the plus- and minus-
stranded viral RNAs (Panavas et al., 2005a); (iii) selection andrelated tombusvirus but not with TCV, a more distantly related carmovirus.
p88) were tested for their binding specificities to TBSV p33C in SPR analysis
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ducted by p33 (Monkewich et al., 2005; Panavas et al., 2005a;
Pogany et al., 2005); (iv) plus-stranded viral RNA template
stimulates in vitro replicase activity by 40-100-fold (Panaviene
et al., 2004); and (v) targeting of p33 and p92 proteins to the
peroxisomal membrane is influenced by the p33:p33/p92
interaction domain (Panavas et al., 2005a). This work adds
further insight into the complex picture of replicase assembly:
(1) higher amount of p33 and lower amount of p92 are bound
together via direct interaction within the replicase complex; (2)
interaction between p33:p33 and likely between p33:p92 is
moderately tight; (3) the S1, and to a lesser extent, the S2
subdomains, of both p33 and p92 are important for the
replicase assembly and viral RNA replication. In addition,
the kinetics of complex formation and dissociation rates imply
that the complex is rather stable, but it is also reversible,
allowing assembly/disassembly of replicase complexes during
the replication process.
Altogether, the above experimental data support a model
that p33 and p92 replication proteins likely form multiprotein
complexes in the cytoplasm after their translation. This is
facilitated by interaction between the common S1 and S2
subdomains in p33 and p92. Also, this complex is predicted
to bind selectively to the cognate viral RNA via recognizing
the p33RE (Pogany et al., 2005). This multiprotein:RNA
complex is then targeted to the peroxisomal membrane
(Panavas et al., 2005a) by host proteins (Panavas et al.,
2005b). This is followed by initiation of complementary viral
RNA synthesis on the peroxisomal membrane (Panavas et al.,
2005a). Albeit this model is likely incomplete due to the
limited information on host factors, the in vivo and in vitro
interactions between the viral replication proteins have been
firmly demonstrated to play significant role in the replicase
assembly process.
Conclusion
The assembly of the functional replicase complex is a key
step in the replication process of plus-stranded RNA viruses.
Protein:protein and RNA:protein interactions among the viral-
coded proteins, host factors and the viral RNA plus interaction
with cellular membranes must take place in infected cells to
generate enough replicases for robust replication. In this work,
we have characterized essential interactions between TBSV
p33:p33 and p33:p92 and the effect on replication and the
assembly of the tombusviral replicase. We found that p33
interacts with p92 in vivo and that the interaction requires the
S1 subdomain, whereas the S2 subdomain plays a more limited
function. These data suggest that p33 is a key co-factor
promoting replicase assembly in cells.
Materials and methods
Plasmids, reagents and antibodies
E. coli expression plasmids to obtain recombinant p33, p92,
p33C, p33C/S1, p33C/S2 proteins of TBSV, p33 and p92 ofCNV and p28 and p88 of TCV have been described previously
(Rajendran and Nagy, 2003, 2004; Rajendran et al., 2002).
Plasmids expressing His6-tagged p33 (pGBK-His33), p92
(pGAD-His92), as well as p33- and p92-derived point mutants
Y244A, R246A, F274A, Y276A and His6/FLAG-tagged p33 and
p92 proteins and pYC-DI-72 RNA were made as described
earlier (Panaviene et al., 2004; Rajendran and Nagy, 2004).
Both the His6-tag and the FLAG-tag are present at the N-
terminus of p33 and p92, where they do not interfere with the
functions and intracellular localization of these proteins
(Panaviene et al., 2004, 2005a). Plasmids expressing mutant
proteins of p33 and p92 namely LI242–243SS, LI242–243CT,
Y244F, R246K were created using Quick Change Mutagenesis
Kit (Stratagene) (Panaviene et al., 2003) with pGBK-His33 and
pGAD-His92 as template DNA, respectively.
Mouse M2 anti-FLAG antibody immobilized resin (Sigma)
was used to immunoprecipitate the p33:p92 complex. Anti-
6His (Amersham) antibodies were used in Western blot
analysis.
Expression and purification of the recombinant proteins
The recombinant proteins were expressed as N-terminal
fusions to MBP in E. coli [Epicurion BL21-CodonPlus (DE3)-
RIL; Stratagene], as described previously (Rajendran and
Nagy, 2003, 2004; Rajendran et al., 2002). Briefly, recombi-
nant protein expression was induced at either 37 -C for TBSV
p33C and its deletion mutants for 2 h or 14 -C for full-length
p28 and p88 of TCV, p33 and p92 proteins of CNV with 0.3
mM IPTG (isopropyl-h-d-thiogalactopyranoside) for over-
night. The recombinant proteins were purified by using an
amylose resin affinity chromatography (NEB) followed by ion
exchange chromatography using anion exchanger (UnoQ, Bio-
Rad) and analyzed for their purity in 10% SDS-PAGE. The
proteins were quantified using Bio-Rad protein assay reagent.
Biosensor assay
The surface plasmon resonance (SPR) biosensor experi-
ments were performed using BIACORE X (Biacore, N.J.) as
described (Rajendran and Nagy, 2003, 2004). CM-5 sensor
chip and amine coupling kit were purchased from Biacore Inc.,
N.J. Briefly, the purified fusion protein MBP-p33C was
dialyzed in 10 mM sodium acetate, pH 5.0 and immobilized
on CM-5 sensor chip (Biacore, N.J.) using amine coupling
chemistry in flow cell 1. Purified MBP was immobilized on
flow cell 2 as control surface for non-specific binding. The
immobilization level of MBP-p33C was kept at 250 resonance
units (RU) for kinetics studies (Fig. 3) and at 8000 RU for
standard binding studies (Figs. 2 and 6). The test proteins were
diluted to 1 AM or to varying concentrations from 25 nm to 500
nm in the running buffer (10 mM HEPES pH 7.4, 150 mM
NaCl, 3 mM EDTA, 0.05% surfactant P-20) and injected over
the chip surface at flow rate 20 Al/min or 40 Al/min. The
experimental data from individual kinetic binding experiments
were overlaid and analyzed using BIAevaluation 4.1 software
(Biacore, N.J.) with 1:1 binding model.
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Plasmids expressing epitope-tagged wild type and mutant
replicase proteins, p33 and p92, in various combinations
(Figs. 4,5) were co-transformed together with pYC-DI72 (for
expression of TBSV DI-72 RNA replicon) into yeast strain
SC1 using the PEG/LiAc method (Gietz and Woods, 2002).
Individual colonies from each transformant were cultured in
synthetic dropout medium containing 2% (v/v) galactose but
lacking leucine, tryptophan and uracil (SD-Leu-Trp-Ura) until
the culture density reached OD600 0.8. The cells, harvested
by centrifugation at 1000  g for 5 min, were used to
prepare solubilized membrane fraction as described (Pana-
viene et al., 2004). The solubilized membrane fraction was
incubated with Anti-FLAG M2 affinity gel overnight at 4 -C,
followed by four washes in buffer containing 50 mM Tris–HCl
pH 7.5, 15 mM MgCl2, 200 mM NaCl, 10% Glycerol, 10 mM
h-mercapto-ethanol and 1 protease inhibitor cocktail (Sig-
ma). The bound protein complex was eluted with FLAG
peptide, run on 10% SDS-PAGE gel and analyzed by western
blotting using mouse anti-His6 antibody and anti-mouse
secondary antibody conjugated with alkaline phosphatase
(Panavas et al., 2005a).
In vitro replicase assay
Replicase complex from yeast was purified from solubi-
lized membrane fraction from yeast expressing wild type and/
or mutant p33, p92 proteins and DI-72 RNA and tested for
their in vitro replicase activity on endogenous DI-72 RNA
replicon as described (Panaviene et al., 2004). The co-
immunoprecipitated protein complex was also tested for
replicase activity on DI-72RI/III() RNA template (Panaviene
et al., 2004).
Replication assay for TBSV DI RNA in yeast
The yeast-based replication assay was used to study the
effect of p33 and p92 substitution mutations in the protein
interaction domain on the replication of TBSV DI-72 RNA as
described (Panavas and Nagy, 2003b). The procedures used for
yeast transformation, RNA extraction and Northern blot
analysis were described (Rajendran and Nagy, 2004).
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